pancreatic cancer ͉ RCAS ͉ tumor virus A ͉ RNA interference ͉ molecular in vivo imaging I n the postgenome area, there is an increasing need for tools allowing the spatiotemporal evaluation of gene function in vivo. Genetically engineered mouse models that permit conditional expression or inactivation of genes have dramatically improved our basic understanding of gene function in vivo. However, gene knockout and knockin technologies such as the Cre-loxP system are difficult, time-consuming, and expensive (1). This problem can be overcome with an alternative strategy by using avian retroviral vectors to deliver genes to specific proliferating somatic mammalian cells (2-4). The retroviral RCASBP(A) (replication competent avian sarcoma-leukosis virus long terminal repeat with splice acceptor, Bryan RSV polymerase and subgroup A envelope)-expression vector derived from subgroup A avian sarcoma-leukosis virus can be used to produce high-titer viral stocks in chicken DF-1 fibroblasts and deliver transgenes stable to proliferating cells that express the specific receptor for avian sarcoma-leukosis virus subgroup A envelope (envA), tumor virus A (TVA) (2, 5, 6 ). In addition, other retroviral or lentiviral vectors can be pseudotyped with envA and used to transduce TVA-positive cells (7). Mammalian cells do not express TVA and therefore are resistant to infection by RCASBP(A) viruses. However, ectopic expression of TVA confers susceptibility to infection in vitro and in vivo. Because RCASBP(A) viruses are replication incompetent in mammalian cells, the virus does not spread (2-4). The RCASBP(A) vector itself does not cause a significant immune response in the host (8). However, an immune response against foreign genes expressed by RCAS-mediated gene transfer has been observed. Interestingly, the extent of the immune response seems to be tissue specific, which may limit the use of the RCAS-TVA system in certain tissue types (8). Mammalian cells remain susceptible to reinfection, which allows simultaneous or sequential introduction of genes into the same cells. This makes the system particularly useful to study the cooperation of specific genes (3, 9).
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The RCAS-TVA somatic gene transfer system has been used in a variety of murine models in vivo (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , and the advantages and disadvantages are well documented (2) (3) (4) . In particular, the system has been widely used to model sporadic human cancer in mice. For example, glioblastoma, ovary cancer, pancreatic cancer, liver cancer, and mammary cancer have been induced by the introduction of oncogenes in a tissue-specific fashion (9, 12, 15, 17, 18) . Interestingly, all existing TVA-expressing mouse lines have been generated by random transgenesis by using pronuclear injection that often results in variable and mosaic transgene expression. Cell-specific TVA expression has been achieved in these models by using tissue-specific promoters. Therefore, individual transgenic lines must be generated for different tissue types that limit the broad use of the system.
To generate a universal, tissue-specific RCAS-TVA retroviral gene delivery model, we have established Cre-loxP-based conditional TVA expression by targeting the Rosa26 locus in mice. We show that conditional TVA expression allows for transgene expression and for RNA interference (RNAi) in a tissue-specific and time-controlled fashion in vivo. Transduction of pancreatic progenitor cells with activated oncogenic Kras G12D induces mouse pancreatic intraepithelial neoplasia (mPanIN) that progress to invasive pancreatic ductal adenocarcinomas (PDACs). RCASPB(A)-based knockdown of TP53 by RNAi in mice with pancreas-specific endogenous expression of Kras G12D resulted in a dramatically increased acceleration of PDAC formation. Therefore, our RCAS-TVA-based mouse model adds a powerful tool to analyze gene function and collaborative genetic interactions in a broad range of tissue types in vivo by taking advantage of the Cre-loxP recombination strategy.
Results and Discussion
Conditional Cre-Regulated TVA Expression in Vitro. As a first step toward generating a conditional TVA transgenic mouse line, we tested different approaches to ensure that TVA is expressed only after Cre-mediated recombination. As shown in supporting information (SI) Fig. S1 , insertion of an optimized loxP-flanked stop element (lox-stop-lox; LSL) 5Ј of the firefly luciferase ( fLuc) gene resulted in efficient blockade of fLuc expression from the strong CMV promoter. However, when we tested this LSL element by using a plasmid termed pRosa26-LSL-ATG-TVA (see Fig. S2 A) , which comprises the Rosa26 promoter, the LSL cassette, the TVA coding sequence, an internal ribosome entry site (IRES), and a lacZ expression cassette with a nuclear localization signal (lacZnls), transiently transfected cells remained susceptible to RCAS-mediated retroviral transduction ( Fig. S2 B and D) . This observation indicates unwanted transcriptional read-through into the TVA coding sequence and low abundant TVA expression in the absence of Cre-mediated excision of the floxed stop cassette. Therefore, we subsequently disrupted the TVA transgene just after the ATG start codon by the LSL cassette (ATG-LSL-Tva; Fig. S2 A) . Consequently, any transcriptional read-through followed by translational initiation downstream of the LSL element would generate a truncated and putative inactive TVA receptor. As expected, this construct reliably prevented expression of functional TVA and rendered transfected mammalian cells resistant to RCASBP(A)-mediated retroviral gene transfer, as demonstrated by luciferase assays and testing for alkaline phosphatase (AP) activity after infection with RCASBP(A)-fLuc or RCASBP(A)-AP, respectively ( Fig.  S2 B and F) . To prove functionality of the altered TVA receptor, which is mutated at the N-terminal end because of the insertion of one loxP site after Cre-mediated recombination (see Fig.  S2 A), we cotransfected pRosa26-LSL-ATG-Tva and pRosa26-ATG-LSL-Tva plasmids with a Cre-recombinase expression plasmid (pIC-Cre), respectively. Subsequently, we transduced cells with RCASBP(A)-fLuc. As shown in Fig. S2B , expression of the mutated TVA receptor resulted in a similar fLuc activity compared with cells expressing the wild-type receptor. This indicates that mutation of the TVA receptor at the N-terminal end does not diminish retroviral infection.
Conditional Cre-Regulated TVA and LacZnls Expression in Vivo. To create a conditional mouse line that is capable of TVA expression in any cell type after Cre-recombinase-mediated excision of the LSL element, which disrupts and silences the TVA transgene, we have targeted the broadly expressed Rosa26 (R26) locus by homologous recombination in embryonic stem (ES) cells (20) . We refer to this strain as LSL-R26 Tva-lacZ . To generate LSL-R26 Tva-lacZ mice, we electroporated a pRosa26-ATG-LSL-Tva-IRES-lacZnls targeting vector (Fig. S3A) into 129S6 ES cells. By using PCR and Southern blot analyses, we observed that 36 of 192 geneticin-resistant colonies had correctly undergone homologous recombination (Fig. S3B ). We used clones 1 and 4 to derive germ-line chimeras, which we then bred with C57BL/6J females to obtain heterozygous LSL-R26 Tva-lacZ progeny on a mixed 129S6;C57BL/6J genetic background (Fig. S3C ). Both heterozygous and homozygous LSL-R26 Tva-lacZ mice did not show any phenotype and are viable and fertile with normal lifespan. We assessed Cre-dependent TVA and lacZnls expression in embryos and postnatal animals obtained from matings between heterozygous LSL-R26 Tva-lacZ mice and protamin-Cre (Prm-Cre) transgenic mice, the latter being a general deleter strain in which Cre is expressed from the protamin promoter (21) . By using ␤-galactosidase staining, we observed ubiquitous lacZnls expression in LSL-R26 Tva-lacZ/ϩ ;Prm-Cre embryos and adult tissues but did not detect lacZ activity in singly transgenic animals ( Fig. 1 A-C and H and data not shown). By using quantitative real-time RT-PCR, we obtained similar results for TVA mRNA expression (Fig. S4 ). These results indicate that TVA and lacZnls expression is strictly dependent on Cremediated excision of the LSL cassette. After recombination, TVA and lacZnls are expressed in all cells throughout embryogenesis and in adulthood under the control of the Rosa26 promoter. This is consistent with previous studies in which the Rosa26 promoter was found to be activated from preimplantation onward (20) . To prove tissue-specific expression of TVA and lacZnls, we crossed LSL-R26 Tva-lacZ/ϩ mice with Ptf1a/p48
Cre/ϩ animals, a knockin mouse line where Cre expression is restricted to the pancreas and neurons of the retina, cerebellum, and dorsal neural tube (22) . Cre-mediated recombination of the LSL element in the pancreas, but not other abdominal organs, was verified by Southern blot analysis of Ptf1a/p48 Cre/ϩ ;LSL-R26 TvalacZ /ϩ mice (Fig. S3D ). As expected, we observed that LacZnls (Fig. 1 D-G) and TVA ( Fig. 1 I and J) expression was restricted to the pancreas in these mice, as demonstrated by X-Gal staining and immunohistochemistry by using a polyclonal TVA-specific antibody, respectively. In line, high amounts of TVA mRNA are expressed in the pancreas of LSL-R26 Tva-lacZ/ϩ ;Ptf1a/p48
Cre/ϩ animals, whereas only trace amounts are present in other organs (Fig. S4 ). To test whether the Rosa26 locus is also active in mPanIN lesions and PDAC of mice with endogenous expression of oncogenic Kras G12D (23) Fig. 1 , we found strong X-Gal staining and TVA immunoreactivity in mPanINs (M and N), primary PDAC (O and P), and the corresponding liver metastases (Q), but not in desmoplastic stroma.
RCASBP(A)-Mediated Retroviral Gene Transfer in Vitro and in Vivo.
To prove the principle that RCASBP(A)-mediated retroviral transduction can be achieved in a spatially and temporally controlled fashion, we first crossed LSL-R26 Tva-lacZ/ϩ and Prm-Cre mice and isolated primary murine embryonal fibroblasts (MEFs) from compound heterozygous and singly transgenic mice. To show that LSL-R26 Tva-lacZ/ϩ ;Prm-Cre but not LSL-R26 Tva-lacZ MEFs are susceptible to infection with RCASBP(A) viruses, we transduced them with high titers (10 8 units/ml) of RCASBP(A)-EGFP, which carries an expression cassette for enhanced green fluorescent protein (EGFP). Three days later, we observed strong EGFP expression of LSL-R26 Tva-lacZ/ϩ ;Prm-Cre MEFs, but not LSL-R26 Tva-lacZ/ϩ MEFs, indicating that the LSL element reliably prevents functional expression of the TVA receptor (Fig. S5) .
To test whether conditional retroviral transduction can be achieved in vivo, we injected different amounts (1 ϫ 10 6 and 5 ϫ 10 7 ) of DF-1 cells that produce high titers of RCASBP(A)-EGFP i.p into LSL-R26 Tva-lacZ/ϩ ;Ptf1a/p48
Cre/ϩ animals. Because cell proliferation is necessary for effective RCAS-mediated retroviral transduction (2, 3, 19), 2-day-old animals were used as described by Lewis et al. (15) . Three weeks later, we found strong and reliable EGFP expression in a small number (Ͻ1%) of cells in pancreatic cryosections of animals injected with 5 ϫ 10 7 ( Fig.  2 A and B) ϩ compound mutant mice, respectively. As shown in Fig. 2 , we observed EGFP-positive acini (C and D), mPanIN lesions (C-F), primary PDAC (G, H, J, K, M, and N), and liver metastases (I and L). We therefore conclude that TVA expression renders proliferating normal, preneoplastic, and neoplastic cells susceptible to RCASBP(A) virus infection in vivo.
Introduction of Kras G12D into Ptf1a/p48-Positive Cells Induce mPanIN Lesions and PDAC. Activating mutations in the Kras protooncogene are found in Ͼ90% of human PDAC and therefore, are supposed to represent an initiating carcinogenic event (25, 26) . In line, endogenous expression of oncogenic Kras G12D at physiological levels in the murine pancreas induces mPanIN lesions and metastatic PDAC (see Fig. 1 L-Q) (23, 27) . To determine the effects of retroviral delivered oncogenic Kras G12D , we transduced proliferating cells in the pancreas of LSL-R26 Tva-lacZ/ϩ ;Ptf1a/p48
Cre/ϩ mice with RCASBP(A)-Kras G12D 2 days after birth (P2; Fig. 3A ). Nine months after infection, RCASBP(A)-Kras G12D -but not RCASBP(A)-EGFP-infected compound mutant mice developed focal ductal pancreatic lesions with incomplete penetrance (4 of 5 animals). These lesions closely resembled human PanINs and were indistinguishable from mPanINs of mice with endogenous expression of Kras G12D (Fig. 3 B-D ) (23) . They met the criteria of mouse PanIN lesions described by a recent consensus report (28 (Fig. 3 E-J) . All PDAC displayed a ductal phenotype, an intense desmoplastic stroma, and local infiltration (Fig. 3 G-J) closely resembling the human disease and similar to those observed in mice with endogenous expression of Kras G12D in Ptf1a/p48-positive pancreatic progenitor cells from embryonic day 9.5 onward (23, 24) . Furthermore, all PDACs were CK19-positive (Fig. 3J) and two mice developed liver and lymph node metastases ( Fig. 3 F and I and data not shown). To verify that PDACs develop because of infection with Kras G12D , we amplified cDNA isolated from primary PDAC by PCR using Krasspecific primers. Sequencing of the PCR products revealed expression of mutant Kras G12D mRNA in the tumors. In contrast, only wild-type Kras was present in all other abdominal organs (data not shown). In addition, we confirmed presence of RCASBP(A) proviral DNA in tumors from mice infected with RCASBP(A)-Kras G12D by PCR (Fig. S6A) . Restriction mapping by Southern blot analysis with a probe directed against the RCASBP(A) envA gene revealed that PDACs induced by RCASBP(A)-Kras G12D have single or multiple provirus integration sites (Fig. S6B) . This indicates that retroviral infection of the ble concomitant expression of fLuc and TVA. We transplanted these cells orthotopically into the pancreas of nude mice and subsequently transduced them with RCASBP(A) virus carrying a shRNA against fLuc under the control of the human H1 promoter (RCASBP(A)-shfLuc). Longitudinal in vivo bioluminescence imaging revealed efficient knockdown of fLuc expression in tumor-bearing mice after infection with RCASBP(A)-shfLuc compared with tumors transduced with a control shRNA (RCASBP(A)-shControl) (Fig. S7) . Therefore, RCAS-mediated gene silencing is feasible not only in vitro (29) , but also in vivo in mice. To date RCAS-mediated RNAi in vivo has been shown only in chicken (30) .
After demonstrating that delivery of shRNAs by RCASBP(A) viruses results in a profound knockdown of gene expression in vivo, we subsequently used the aforementioned PDAC model (Ptf1a/p48 Cre/ϩ ;LSL-Kras G12D/ϩ ) in which oncogenic Kras G12D is expressed from its endogenous promoter in Ptf1a/p48-positive pancreatic progenitor cells (23) . These mice develop mPanIN lesions as early as 2 weeks after birth that progress to invasive PDACs with a median latency of 14 months. To assess the cooperation of oncogenic Kras G12D with loss or inactivation of the tumor supressor gene TP53, we infected 3-week-old mice with RCASBP(A) vectors expressing a shRNA against murine TP53 (31) . Ptf1a/p48 Cre/ϩ ;LSL-R26 Tva-lacZ/ϩ ;LSL-Kras G12D/ϩ animals infected with RCASBP(A)-shTP53 have a dramatically, statistically significant shortened latency of PDAC development with a median survival of Ϸ5 months compared with RCASBP(A)-shControl-infected littermates (P ϭ 0,0064, logrank test; Fig. 4A ). Of note, all RCASBP(A)-shTP53-infected animals developed invasive PDAC within 10 months (Fig. 4 B-G) indicating that RCAS-mediated silencing of TP53 resulted in a dramatically enhanced progression to invasive PDAC. All mice showed well to moderately differentiated primary PDACs (Fig. 4E ) with local invasion and three of five of the animals presented with liver (Fig. 4 B, C, and F) , lung (Fig. 4 D and G) , and lymph node metastases (data not shown) similar to mice with expression of mutant TP53 R172H (24) or deficiency in TP53 (27, 32) . We verified RNAi mediated silencing of TP53 expression by quantitative real-time RT-PCR by using primary tumors of RCASBP(A)-shTP53 and -shControl-infected animals (Fig.  S8) . Thereby, we demonstrate that RCAS-TVA-mediated spatiotemporal knockdown of gene expression in the pancreas is feasible in vivo. In addition, our results confirm previous studies showing that RCASBP(A)-mediated oncogene delivery is capable of modeling human cancer in mice (9, 12, 15, 17, 18) . The observed robust and versatile spatiotemporal gene transfer and knockdown makes the system particularly useful to study the role of oncogenes and tumor suppressor genes for tumor initiation and progression (3, 18, 33) . It is widely accepted that sporadic human carcinogenesis is caused by sequential accumulation of mutations in oncogenes and tumor suppressor genes in single somatic cells (34) . RCAS-mediated oncogene expression or tumor suppressor gene silencing takes place in a limited number of developmentally normal somatic cells with normal microenvironment and, therefore, mimics clonal evolution of sporadic human cancer very closely.
It has been reported that various genes of interest can be simultaneously or sequentially delivered into the same cells of a single mouse line by RCASBP(A) viruses. Therefore, it will be possible to recapitulate multistep carcinogenesis and the cooperation of oncogenes and tumor suppressor genes in vivo by using the LSL-R26 Tva-lacZ mouse line (9) . The use of RCASBP(A) vectors carrying two or more expression cassettes like an oncogene and a shRNA directed against a tumor suppressor gene, within the same vector will facilitate such studies in the future. Virtually any sequence, cDNA, regulatory RNA, shRNA, or miRNA of Ͻ2.5 kb can be expressed by RCASBP(A)-mediated delivery in specific tissue types in vivo. Sequences beyond 2.5 kb cannot be packaged efficiently into RCASBP(A) viruses. However, the new mouse line can be used with other retroviral or lentiviral vectors pseudotyped with envA. Such strategies have been used in vitro to deliver expression cassettes beyond 2.5 kb into TVA-positive cells (7) .
In summary, we describe the generation of a mouse model for Cre-inducible TVA expression by insertion of a silenced TVA/ lacZnls cassette into the ubiquitously expressed Rosa26 locus. By taking advantage of the increasing number of Cre-expressing mouse lines and Cre expression strategies (35) , our model allows Cre-inducible TVA expression and RCASBP(A)-mediated gene transfer in a wide range of different tissue types and cell populations and therefore overcomes major limitations of existing mouse lines that use tissue-specific promoters for transgenic TVA expression (9, 10, 12, 13, 15, (17) (18) (19) . Thus, our mouse line opens up many possibilities for analysis of gene function in a time-controlled and tissue-specific fashion in vivo. Because our model can be easily combined with Cre-loxP-based conditional gene knockout or knockin mouse lines (35, 36) , it expands the applications of the RCAS-TVA system substantially. Thus, it is possible to analyze the collaboration of genes of interest in 
